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Collagen in the skin undergoes dramatic reorganization
during wound repair. Matrix metalloproteinases de-
grade and remodel the collagen in a tightly controlled
process. The collagenase-resistant mouse, Col1a1tm1Jae,
has been developed to produce collagen type I, which
is resistant to degradation by human matrix metallo-
proteinase 1. These mice grow normally but develop
thickened skin with age. We investigated the e¡ect of
this mutant collagen on wound repair. Incisional
wounds were made on Col1a1tm1Jae homozygous mutant
(Col1a1r/r) and wild-type (Col1a1þ/þ ) mice and these
wounds were harvested at 1 and 6 h, 1, 2, 3, 7, 10, 14, and
70 d post wounding. Wound healing was severely de-
layed in Col1a1r/r wounds, with wounds remaining sig-
ni¢cantly wider than wild-type for the ¢rst 2 wk after
injury. Reepithelialization of the Col1a1r/r wounds took
7 d longer than in the wild-type. The Col1a1r/r wounds
had a prolonged early in£ammatory response. Immu-
nostaining for matrix metalloproteinases revealed sig-
ni¢cant upregulation of matrix metalloproteinase 13 in
Col1a1r/r wounds, but minimal changes in other matrix
metalloproteinases. There was no signi¢cant di¡erence
in scarring between Col1a1r/r and Col1a1þ/þ wounds
after 70 d. Key words: collagen/matrix metalloproteinases/
tissue repair/transgenic mice/wound healing. J Invest Dermatol
120:153 ^163, 2003
D
uring life, collagen in the body is deposited, remo-
deled, and degraded in a continuous process vital
for the maintenance of extracellular matrix (ECM)
integrity and function. Fibrillar collagens are the
major structural proteins in the ECM, and of these
the main interstitial collagen is type I. Collagen I is abundant in
all tissues including skin and bone (Uitto et al, 1989). The remo-
deling of collagens is performed by a speci¢c group of enzymes
known as matrix metalloproteinases (MMPs).
MMPs are a family of zinc-dependent endopeptidases with at
least 20 members that collectively degrade all major components
of the ECM. They are divided into six main groups, which are
the collagenases, the gelatinases, the stromelysins, the matrilysins,
the membrane-type MMPs, and other MMPs (Krane et al, 1996;
Balbin et al, 2001). The collagenases^interstitial collagenase
(MMP-1), neutrophil collagenase (MMP-8), and collagenase-3
(MMP-13)^are thought to be the only MMPs capable of cleaving
native, undenatured ¢brillar collagens in the triple-helical do-
main in vivo (Krane et al, 1996; Balbin et al, 2001). The data are
clear that MT1-MMP (MMP-14) and MMP-2 are collagenases
in vitro. The collagenolytic activity of these MMPs has not yet
been observed in vivo (Aimes and Quigley, 1995; Ohuchi et al,
1997).
Many processes in which collagen is degraded have been found
to involve MMPs, including rapid collagen resorption in the
uterus after parturition and in skeletal tissues during embryonic
development (Krane et al, 1996). Incorrect regulation of MMPs
may result in pathologic processes such as local invasion by ma-
lignant tumors, rheumatoid arthritis, and the thickened skin
of scleroderma (Murphy and Docherty, 1988; Mauch et al, 1993;
Neuhold et al, 2001).
During wound healing, the ECM at the wound site undergoes
dramatic reorganization (Clark, 1996). A ¢brin-based provisional
matrix that facilitates cell movement is deposited very early in the
repair response by coagulating platelets (Clark, 1996). Damaged
cells and tissue are degraded and phagocytosed by in¢ltrating
neutrophils and macrophages that produce collagenases and elas-
tases. Epidermal cells migrate across the wound bed by pro-
ducing collagenase-1 (MMP-1) at the leading edge of the
epidermal sheet (Saarialho-Kere et al, 1993; Salo et al, 1994; Inoue
et al, 1995; Pilcher et al, 1997). Fibroblasts and endothelial cells in
the surrounding normal tissue are released from matrix junctions
and move into the wound site, guided by the provisional matrix.
The ¢broblasts deposit new collagen and other mature matrix
proteins, and the endothelial cells re-vascularize the area (Brooks
et al, 1994). At the same time the ¢brinous provisional matrix is
degraded by MMPs released by the ¢broblasts and in£ammatory
cells. At later stages of wound repair, MMPs aid the remodeling
of collagen bundles into mature parallel ¢brils that result in a
scar. The ECM formed is strong and dense, and joins with the
surrounding undamaged tissue (Clark, 1996). The correct regula-
tion of MMPs is critical in controlling the balanced turnover of
collagen, and in maintaining ECM integrity and function.
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In mice, the remodeling of ¢brillar collagen is attributed to
collagenase 3 (MMP-13) rather than MMP-1. In addition to the
conserved mid-helix cleavage site common to interstitial collage-
nases, MMP-13 cleaves at a site at the N-terminal end of collagen
I (Liu et al, 1995). Liu et al have suggested that this aminotelopep-
tide site is important for gradual remodeling during embryonic
development and early life, but that the main mid-helix site is
required for rapid cleavage, as seen in wound repair (Liu et al,
1995). Although the expression of a mouse MMP-1-like gene
has not previously been reported, Balbin et al (2001) have recently
identi¢ed a gene that has signi¢cant sequence identity with hu-
man MMP-1. The new enzyme, named murine collagenase-like
A (McolA), is capable of degrading collagen in vitro, is located in
the MMP gene cluster of mouse chromosome 9, and is present
during embryonic development.
The Col1a1tm1Jae mouse (Liu et al, 1995) has a targeted mutation
in Col1a1 that encodes amino acid substitutions (Gln774Pro,
Ala777Pro, and Ile776Met) in the helical domain of the collagen
a1(I) chain. The mutation prevents cleavage of both the a1(I)
and a2(I) chains by collagenases at this site (Wu et al, 1990a;
1994). Homozygous mutant mice (Col1a1r/r) produce collagen
type I that is completely resistant to cleavage by human MMP-1.
Mouse MMP-13 is also unable to degrade the collagen at the al-
tered site, although it is active at the aminotelopeptide site. These
mice reproduce successfully (albeit at reduced capacity) and de-
velop normally to adulthood. They begin to develop a scleroder-
ma-like thickening of the skin later in life, and initial work by
Liu et al (1995) suggests that this is due to impaired collagen turn-
over as a consequence of the resistance of collagen I to cleavage
by MMP-13.
This paper reports the e¡ects of the collagenase-resistant col-
lagen on incisional wound healing in the Col1a1tm1Jae mice. The
impairments in tissue remodeling in the collagenase-resistant
mouse described by Liu et al (1995) suggest that later scar resolu-
tion would be impaired in an incisional wounding model, result-
ing in an excessive deposition of collagen and a large keloid or
hypertrophic-like scar. The observation by Pilcher et al (1997) that
the activity of collagenase is required for keratinocyte migration
across a wound bed suggests that reepithelialization would prob-
ably be impaired in the collagenase-resistant mouse.We describe
observations in skin repair at time points up to 70 d. In contrast
to the original hypothesis, scar formation was not adversely af-
fected; however, early wound healing is severely impaired, and
wound reepithelialization is delayed by at least 1 wk compared
to the wild-type wounds.Wound contraction is similarly delayed,
and in£ammatory cells persist in the wound for longer time per-
iods. The inability of MMP-13 to degrade collagen I initially im-
pairs the healing process, but does not prevent repair from
eventually taking place.
METHODS AND MATERIALS
Mice All mice were housed under conditions conforming to University
of Manchester and U.K. Home O⁄ce Regulations. Col1a1tm1Jae mice were
derived from the colony at Massachusetts General Hospital, Boston (SMK),
where the mutation was targeted to the embryonic stem cells of the J1/129
strain and then introduced to the C57BL/6 strain as described previously
(Wu et al, 1990a; 1990b; Liu et al, 1995). Backcrosses to C57BL/6 were
performed to create an inbred line of Col1a1tm1Jae mice. A breeding
colony was established in Manchester, U.K., and progeny of homozygous
resistant (Col1a1r/r) breeding pairs were used. Controls were progeny of
wild-type Col1a1þ/þ breeding pairs, which do not possess the mutated
gene but which are on the same genetic background.
Wounding Mice at least 8 wk old were anesthetized and the dorsal
region was shaved and swabbed with alcohol. Incisional wounds were
made according to a de¢ned template as previously described (Ashcroft
et al, 1997). The wounds were left to heal by primary intention for time
periods of 1 and 6 h, 1, 2, 3, 7, 10, 14, and 70 d.
Tissue processing and analysis At the de¢ned time points, the mice
were killed and the wounds and underlying muscular layer were excised
and bisected perpendicular to the line of incision. Half of the wound was
¢xed in bu¡ered formal saline and then processed for routine histology.
Sections were stained with hematoxylin and eosin, Masson’s Trichrome,
and MSB stains. The other half of the wound was snap frozen in liquid
nitrogen, set in a mounting of OCT compound, and stored at 801C.
Seven micrometer cryosections were cut onto 3-amino-propyl-
triethoxysilane coated glass microscope slides before being ¢xed for 5 min
in acetone.
Immunohistochemistry For in£ammatory cell pro¢ling, frozen
sections were stained with antibodies raised in rat to mouse in£ammatory
cell markers. The markers used were F4/80, MOMA-2, cd204, cd11b, and
neutrophil marker. All antibodies were obtained from Serotec (Oxford,
U.K., catalog Nos. MCAP497, MCA519G, MCA132Z, MCA275R,
MCA771G) and were used at 0.01 mg per ml.
Sections were rehydrated in phosphate-bu¡ered saline (PBS) and then
incubated with diluted primary antibody for 1 h. After rinsing, sections
were incubated with £uorescein-conjugated rabbit-antirat secondary
antibody (Vector Laboratories, Burlingame, CA) for a further hour, and
then rinsed and mounted.
Images of the staining were captured at the two wound margins and in
the center of the wound. The number of positive cells in each region and
the area of each region were measured, with the density of cells and the
total number of cells calculated. Three sections per sample and six samples
per group were analyzed.
Immunostaining for MMPs This protocol was adapted from Dew et al
(2000). Brie£y, wounds were harvested at days 2, 3, 7, and 10 (10 d Col1a1r/r
only), with half the wound being immediately snap frozen as above. The
other half of the wound was incubated in 5 mm of the ionophore monensin
(Sigma Aldrich, Poole, U.K.) in Dulbecco’s modi¢ed Eagle’s medium with
5% fetal bovine serum at 371C for 5 h. After incubation the wounds were
blotted and snap frozen in OCTas described above.
Seven micrometer sections were ¢xed in 4% paraformaldehyde for 5
min, and then rinsed thoroughly in PBS, followed by a 5 min incubation
in 0.1% Triton-X100 in PBS to allow permeabilization of the cells. After a
further PBS rinse, sections were incubated for 12 min in 4-chloro-1-
napthol (Sigma Aldrich) at 2.8 mM in methanol/PBS with 0.01%
H2O2. After rinsing, the sections were incubated with sheep-antimouse
antibodies to MMP-13, MMP-3, MMP-9, TIMP-1, and sheep-antihuman
MMP-2 at 50 mg per ml in PBS with 10% normal rabbit serum for
30 min. Antibodies were generously provided by Professor Gillian
Murphy at the University of East Anglia in Norwich (Dew et al, 2000).
After rinsing, biotinylated rabbit-antisheep IgG (Vector Laboratories,
Orton Southgate, UK) was applied for a further 30 min, followed by
streptavidin-linked £uorescein (Amersham Life Science, Little Chaifont,
UK) for 20 min.
Peroxidase immunostaining for ¢broblast speci¢c protein 1 (FSP1),
proliferating cell nuclear antigen (PCNA), and a smooth muscle
actin (a-SMA) Para⁄n sections were dewaxed in xylene, rehydrated in
decreasing percentage alcohol, and then placed in PBS. For PCNA and
a-SMA antibodies, which were both raised in mouse, a Mouse on Mouse
kit (Vector Laboratories) was used according to the manufacturer’s
instructions. The a-SMA antibody (Sigma, clone 1A4) was diluted 1:400;
the PCNA antibody (Oncogene Research Products, Beestory, U.K.)
was diluted 1:100. The antibody signal was visualized using DAB sub-
strate solution for peroxidase (Vector Laboratories). Sections were
counterstained with Harris’s hematoxylin and then dehydrated and
mounted.
FSP1 antibody was donated by F. Strutz (Georg-August-University
Medical Center, G˛ttingen, Germany). The antibody was diluted at 1:1000
and used as described previously (Strutz et al, 1995), with biotinylated
antirabbit secondary antibody (Dako, Ely, UK), and then Vectastain ABC
kit and DAB substrate (both Vector Laboratories). Sections were
counterstained, dehydrated, and mounted.
Image analysis Wound measurements were conducted using a JVC
digital video camera attached to an Olympus Vanox microscope with
PC_Image software. Images of immunostained sections were captured
with a Spot digital camera attached to a Leica DMRB microscope. Cell
counts were made using Image Pro-Plus software.
Statistics Statistical analysis was conducted using SPSS v10.1 software.
Mann^Whitney U nonparametric tests were used to compare sample
groups at each time point. The Kruskall^Wallis test looked at sample
variation over time, and the independent samples test compared the
means of time course groups.
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RESULTS
Collagenase-resistant mice show delayed wound healing
Macroscopic and histologic examination and measurement of
the incisional wounds revealed signi¢cant impairment of
healing in the Col1a1r/r animals at the earlier time points, but no
signi¢cant di¡erence in scar formation at the late time point.
Macroscopic wound appearance The Col1a1þ/þ animals
healed with some scabbing and wound gape at day 3, and then
narrow, scab-free wounds by day 7 post wounding (Fig 1a). At
days 10 and 14, the wounds were less visible, and at day 70, only
a small pale scar remained (not shown). By contrast, at day 3, the
Col1a1r/r wounds were very large, gaping, and covered with a
thick scab. At day 7 little contraction had occurred (Fig 1b), and
Figure1. Macroscopic and microscopic assessment of wounds. Col1a1+/+ (a) and Col1a1r/r (b) macroscopic images of day 7 wounds. Note width and
in£amed appearance of the Col1a1r/r wound (bar: 0.5 cm). Haematoxylin and eosin stained sections of Col1a1+/+ (c) and Col1a1r/r (d) wounds at day 7. Note
extreme width (large arrows) and minimal reepithelialization (small arrows) of the Col1a1r/r wound in comparison to the Col1a1+/+ wound, which is fully
reepithelialized and narrow (bar: 0.1 mm).
COLLAGENASE-RESISTANT WOUND HEALING 155VOL. 120, NO. 1 JANUARY 2003
at days 10 and 14 the wounds were wide and covered with large
scabs. By day 70 a pale narrow scar remained, similar to that of
the wild-type animals.
Microscopic wound appearance Complete reepithelialization
was seen in Col1a1þ/þ mice by day 7 post wounding (Fig 1c),
with substantial contraction of the wound and deposition of
new matrix by day 10. By contrast, the Col1a1r/r wounds were
extremely wide at both day 7 (Fig 1d) and day 14, and
reepithelialization was not yet complete by day 14. The
di¡erence in wound appearance is most evident at day 7 (Fig 1c,
d). Reepithelialization began early in Col1a1þ/þ wounds, with
epidermal outgrowths clearly visible at day 3 post wounding
(Fig 2a), but there are no outgrowths visible in Col1a1r/r
wounds at this time (Fig 2b). By contrast to the early time
points, at day 70, the wounds were very similar (Fig 2c, d).
Collagen bundles of the neodermis are visible and are well
integrated into the normal tissue in both wounds, with no
substantial di¡erence in the size, orientation, or density of the
collagenase-resistant collagen in comparison to the normal
protein.
Wound image analysis The histologic observations were
con¢rmed by image analysis measurements. Linear wound
width (Fig 3a) and wound perimeter (Fig 3b) showed
signi¢cant di¡erences in overall wound size and gape
(independent sample tests comparing the entire time course
show signi¢cant di¡erence in means between Col1a1r/r and
Col1a1þ/þ ). The Col1a1r/r wounds were over twice as wide as
Col1a1þ/þ at days 7 and 10 (po0.005). There is no signi¢cant
decrease in the width and perimeter of the Col1a1r/r wounds
over the time course of the experiment with wounds around
2500 mm wide with a perimeter of 4000^5000 mm (Kruskall^
Wallis test, p40.1). By contrast the Col1a1þ/þ wounds
decreased signi¢cantly (Kruskall^Wallis test, po0.05) in width
from 1800 mm to 500 mm and in perimeter from 2800 mm to
700 mm over the same time course. By day 14 wound width and
perimeter measurements were very similar, indicating a £at
wound surface. The graph of percentage reepithelialization (Fig
3c) shows the signi¢cant delay in wound reepithelialization in
the Col1a1r/r wounds. Col1a1þ/þ wounds were completely
(100%) reepithelialized by day 7, whereas the Col1a1r/r wounds
were only 58% reepithelialized by day 7 and only 82% by day
14. The extreme width of the wounds in the Col1a1r/r mice
implies, however, that a greater distance must be covered by
new epithelium.When total migration distance is compared at 3
and 7 d (Fig 3d), the impairment of migration is clearly visible at
day 3, with Col1a1r/r epithelium traveling less than 200 mm
Figure 2. Histological assessment of wound margin and scar. MSB stained sections at 3 d post wounding showing the wound margin of Col1a1+/+
(a) and Col1a1r/r (b). Note the epidermal outgrowths (EO) from the wound edge in the Col1a1+/+ wound in comparison to the thickened but not migrating
epithelium (E) of the Col1a1r/r wound. There is no visible wound space in the Col1a1r/r section, in comparison to the cellular granulation tissue of the
Col1a1+/+ wound (W). Undamaged dermis (D) is stained blue, with ¢brin (F) stained bright red. Masson’s Trichrome stained sections of day 70 wounds.
Note integrated collagen ¢brils and no signi¢cant di¡erence between wild-type (c) and Col1a1r/r (d) wounds. Bar: 0.1 mm.
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Figure 3. Analysis of wound parameters from 3 to 14 d. Wound
width (a) is a linear measurement from one side of the wound to the other
at the level of the epidermis and shows that the gape of the Col1a1r/r
wounds (¢lled bars) is signi¢cantly greater than the Col1a1+/+ wounds (open
bars) at days 7, 10, and 14.Wound perimeter (b) is a measure of the width and
depth of the wounds and follows the path of the migrating epithelium
across the wound bed. There is no signi¢cant change in the width or peri-
meter of the Col1a1r/r wounds over the time course (p40.1) whereas
Col1a1+/+ wounds signi¢cantly decrease in size over time (po0.005).
Wound reepithelialization (c) measures the percentage of wound perimeter
covered by new epithelium. Col1a1+/+ wounds were completely covered
(100%) by day 7, whereas Col1a1r/r wounds were only 82% reepithelialized
by day 14. Total epithelial migration distance (d) measures the total distance
traveled by the migrating epithelium and shows that the Col1a1r/r wounds
at day 7 had recovered some of the defect seen at day 3 (mean 7SEM,
npo0.05, nnpo0.005, n¼ 4).
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Figure 4. Cd11b positive staining cell numbers (a, b) and density (c,
d) at the wound margin (a, c) and wound center (b, d) at various
times post wounding in Col1a1r/rand Col1a1+/+wounds. The pro¢les
at the wound margins and center are similar, but the wound center data (b),
especially wound density (d), are more variable (mean 7SEM, n¼ 6,
npo0.05).
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compared to nearly 1200 mm by the Col1a1þ/þ epithelium. After
7 d, however, the Col1a1r/r epithelium has traveled approximately
1100 mm, a distance that is greater than the total perimeter width
of Col1a1þ/þ wounds at this time point. This suggests that the
initial delay in Col1a1r/r reepithelialization has been overcome.
Collagenase-resistant wounds have a prolonged in£am-
matory pro¢le In£ammatory cell pro¢ling revealed that the
Col1a1r/r wounds show a prolonged and increased immediate
response, whereas the mature macrophage response is not
a¡ected.When examining wound sections, it was noted that the
measurements obtained fromwithin the wound showed a pattern
consistent with the wound margin, but with more variation, as
can be seen when comparing Fig 4a, 4c with Fig 4b, 4d. For
this reason wound margins were predominantly used for pattern
comparison but this pattern was identical to that in the wound
itself (Fig 4a^d). Results from the wound margin (Fig 5a, b)
show that the density of cd11b-positive cells remains elevated in
Col1a1r/r wounds, whereas Col1a1þ/þ levels decrease towards the
end of the 14 d time course (Fig 5b). This increase in density is in
addition to the increase in total cell numbers seen at the later time
points (Fig 5a). The pattern of increased total cell numbers
and cell density in the Col1a1r/r wounds is consistent across all
the markers of early in£ammatory cells: monocytes (cd11b,
Fig 5a, b), resident tissue macrophages (cd204, Fig 5c, d), and
neutrophils (Fig 5e, f ). This may re£ect the open,
unepithelialized state of the wounds where the presence of
bacteria, viruses, or foreign matter may continuously elicit an
early in£ammatory response. By contrast, the late stage
activation markers for macrophages F4/80 and MOMA-2
(Fig 6) show increased total cell numbers but not increased cell
density.The increase in macrophage numbers in Col1a1r/r wounds
may therefore only re£ect increased wound size. It could be hypo-
thesized that an unusual in£ammatory response is not primarily
responsible for the large open wounds seen in Col1a1r/r mice.
Collagenase-resistant wounds show increased MMP-13
presence but no signi¢cant changes in other MMPs MMP-
13 was clearly visible in the Col1a1þ/þ migrating epithelium
(Fig 7a, c). Only cells at the basal edge were positive. No
positive staining was visible in the wound space, or in the
normal unwounded epithelium. Staining was visible at 2 and 3
d, but was not present at 7 d (Fig 7a, c, e). MMP-13 was also
visible at the Col1a1r/r wound margins, although not solely
localized to the basal keratinocytes (Fig 7b). The staining was
bright but not apparently localized to speci¢c cells, and was
present in increasing amounts from day 2 to day 7 when it was
also seen in the dermis (Fig 7b, d, f ). MMP-13 was still present at
day 10 (not shown).
The staining pattern for MMP-2 in the Col1a1þ/þ sections
was similar to that of MMP-13 in that it was con¢ned to the
wound margin and basal epithelium, although the positive cells
were not as numerous or as brightly stained. There was no
discernible di¡erence in the intensity or localization of the
staining for MMP-2 between Col1a1r/r and Col1a1þ/þ at any
time points (Fig 8a, b).
Neutrophil marker at wound margin 
0
100
200
300
400
500
600
700
800
900
1 
ho
ur
6 
ho
ur
s
1 
da
y
2 
da
ys
3 
da
ys
7 
da
ys
10
 d
ay
s
14
 d
ay
s
time post wounding
to
ta
l 
c
e
ll
s
 i
n
 a
re
a
cd204 at wound margin 
0
100
200
300
400
500
600
700
800
900
1 hour 6
hours
1 day 2
days
3
days
7
days
10
days
14
days
time post wounding
to
ta
l 
c
e
ll
s
 i
n
 a
re
a
Col1a1 r/r
Col1a1 +/+
cd11b density at wound margin
0
100
200
300
400
500
600
700
800
900
1 
ho
ur
6 
ho
ur
s
1 
da
y
2 
da
ys
3 
da
ys
7 
da
ys
10
 d
ay
s
14
 d
ay
s
time post wounding
c
e
ll
s
 p
e
r 
m
m
2 Col1a1 r/r
Col1a1+/+ * * * *
cd204 density at wound margin
0
100
200
300
400
500
600
700
800
900
1 
ho
ur
6 
ho
ur
s
1 
da
y
2 
da
ys
3 
da
ys
7 
da
ys
10
 d
ay
s
14
 d
ay
s
time post wounding
c
e
ll
s
 p
e
r 
m
m
2
Col1a1 r/r
Col1a1 +/+
Neutrophil marker density at wound margin 
0
100
200
300
400
500
600
700
800
900
1 
ho
ur
6 
ho
ur
s
1 
da
y
2 
da
ys
3 
da
ys
7 
da
ys
10
 d
ay
s
14
 d
ay
s
time post wounding
c
e
ll
s
 p
e
r 
m
m
2 Col1a1 r/r
Col1a1+/+
* * * * *
* ** * *
*** ***
cd11b at wound margin 
0
100
200
300
400
500
600
700
800
900
1 
ho
ur
6 
ho
ur
s
1 
da
y
2 
da
ys
3 
da
ys
7 
da
ys
10
 d
ay
s
14
 d
ay
s
time post wounding
to
ta
l 
c
e
ll
s
 i
n
 a
re
a Col1a1 r/r
Col1a1+/+
* * * *
a
f
e
dc
b
Figure 5. Col1a1r/r wounds show prolonged elevation of early response in£ammatory cell types. Cd11b marker for monocytes (a, b), resident tissue
macrophages cd204 (c, d), and neutrophils (e, f ) are elevated from days 2 and 3, in both total number of cells and cell density. Col1a1+/+ wounds do not show
this increase and decrease rapidly from days 2 and 3 post wounding. (Mean7SEM, n¼ 6, npo0.05.)
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MMP-3 was visible at the wound margin in the dermis. Only
small numbers of cells were positive, but the region of positive
staining was consistent (Fig 8c, d). Staining was absent by day 7
in the Col1a1þ/þ wounds, but was still present in the Col1a1r/r
wounds (not shown).
MMP-9 was present at the wound margins at days 2 and 3, and
was localized to cells in the dermal margin. It was also seen in the
wound space, and at day 7 was localized to cells in the wound
space in both Col1a1þ/þ and Col1a1r/r wounds (Fig 8e, f ).
Apparent ¢broblast-like cells are positive for FSP1 In order
to identify probable ¢broblasts in the wounds of both Col1a1r/r
and Col1a1þ/þ mice, sections were stained with an anti-FSP1
antibody. This marker has been shown to positively identify cells
of ¢broblastic lineage (Strutz et al, 1995). Figure 9 shows a
representative section of wound edge dermis, with spindle
shaped cells positively stained for FSP1 (large arrows) and round
cells, which are probably in£ammatory cells, not stained (small
arrows). There was no obvious di¡erence in the level of positively
stained cells between genotype groups.
Collagenase-resistant sections show decreased numbers of a-
SMA-positive cells in both wounds and surrounding normal
skin In order to investigate possible causes of the poor
contraction of the Col1a1r/r wounds, sections were stained with
a-SMA antibody to identify a subpopulation of ¢broblasts,
the contractile myo¢broblast. This cell type is thought to
di¡erentiate from normal ¢broblasts in order to help restore
tissue integrity during wound healing (Desmouliere et al, 1993;
Grinnell, 1994). The Col1a1þ/þ wounds are intensely stained at
the time of maximal wound contraction at days 5 and 7
(Fig 10a, c) whereas Col1a1r/r wounds show minimal positive
staining (Fig 10b, d). The resistant wounds show strong positive
staining of blood vessels for a-SMA; however, very few
¢broblastic cells are positive, and at no time is the intense,
widespread staining seen in the wild-type sections visible.
The Col1a1r/r sections had fewer a-SMA-positive cells in the
dermis surrounding the wound. These cells are arranged in
linear groupings in the upper dermal regions, however; the
resistant skin showed consistently lower numbers than the wild-
type skin, as can be seen in Fig 11.
No signi¢cant di¡erence in proportion of proliferating
cells between collagenase-resistant and wild-type wounds
When the proportion of PCNA-positive cells was examined
relative to total cell numbers, no signi¢cant di¡erence was seen
between resistant and wild-type at time points up to 14 d
(Fig 12). There was a trend towards a delay in the onset of
proliferation in Col1a1r/r wounds, with a lower proportion of
proliferating cells at day 3 and day 7 compared to wild-type, but
this was reversed by day 10, with a greater proportion of PCNA-
positive cells in resistant wounds than in wild-type. By day 14
post wounding, the levels were very similar, with approximately
10% of cells at the wound edge proliferating.
DISCUSSION
The collagenase-resistant mice exhibit severely impaired wound
healing. The Col1a1r/r wounds were visibly larger and wider than
the wild-type wounds, indicating a de¢nite retardation of wound
healing in these animals. This has not been previously observed,
although it is in keeping with the ¢ndings of Liu et al, which
showed impaired tissue remodeling in the skin and uterus (Liu
et al, 1995). Histologic examination revealed that the major im-
pairments were in contraction and reepithelialization of the
wounds. The Col1a1r/r wound width remained unchanged for
the ¢rst 2 wk of repair, and reepithelialization was not complete
until a week after the wild-type mice. This suggests that the
defect in epithelial migration recovered, whereas contraction
did not. The Col1a1r/r wounds did not contract and granulate as
readily as the Col1a1þ/þ wounds, remaining very wide until day
14, despite high cellular in¢ltration into the wound space.
Whereas rapid and extensive upregulation of collagenase expres-
sion by keratinocytes facilitates reepithelialization, collagenases
are also produced by ¢broblasts in the dermis and granulation
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Figure 6. Col1a1r/rwounds do not show prolonged elevation of late
stage macrophages. F4/80 and MOMA-2 markers for mature macro-
phages are increased in total cell numbers at later time points in Col1a1r/r
wounds (a, c), consistent with large wounds. Cell density at these time
points is not signi¢cantly di¡erent from the wild-type levels (b, d). (Mean
7SEM, n¼ 6, npo0.05.)
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tissue (Madlener et al, 1998; Pins et al, 2000). It has been shown in
vitro that the production of MMPs by ¢broblasts in collagen lat-
tices leads to contraction and remodeling of the collagen in a
process similar to tissue remodeling in wound repair (Guidry
and Grinnell, 1985; Grinnell, 1994; Pins et al, 2000). We suggest
that wound contraction is impaired due to the inability of ex-
pressed collagenases to cleave the mutant collagen substrate.
Whereas staining with FSP1, a ¢broblast speci¢c marker, showed
no di¡erence in numbers of ¢broblasts between the wild-type
and resistant groups, the number of contractile myo¢broblasts in
the wounds and surrounding tissue is signi¢cantly lower in resis-
tant samples. This suggests that, whereas in¢ltration of ¢broblasts
into the wound site is not defective, di¡erentiation of these cells
into myo¢broblasts is impaired. These ¢broblasts are unable to
cleave the resistant collagen, so the signal to produce a-SMA to
generate tensile force in order to contract the tissue is not re-
ceived, resulting in poor contraction and wide gaping wounds.
The upregulation of MMP-13 extends into the normal dermal
tissue, indicating that excess MMP-13 is produced in the wound
and surrounding tissue, perhaps as a compensatory response to
the impaired mutant collagen cleavage. A stromelysin-1 (MMP-
3) knockout mouse was observed to have slightly impaired exci-
sional wound contraction (Bullard et al, 1999).Whatever its sub-
strate in vivo, stromelysin-1 is not a collagenase and in the wounds
of the Col1a1r/r mice stromelysin-1 was not signi¢cantly upregu-
lated to compensate for the inability of the collagenases to pro-
mote wound contraction. This suggests that the collagenases are
of greater importance in wound contraction than stromelysin-1.
Keratinocytes in unwounded skin do not produce collagenase,
but expression is rapidly induced upon disruption of the base-
ment membrane when keratinocytes come into contact with
components of the dermal matrix (Pilcher et al, 1998). Thus when
the keratinocytes of the Col1a1r/r wounds contact dermal col-
lagen, they begin to produce MMP-13, as we have shown. It is
likely that they also express the newly discovered enzyme McolA
(Balbin et al, 2001). This enzyme is thought to be the murine
ortholog of human MMP-1, which is expressed by keratinocytes
during reepithelialization. It was previously shown (Pilcher et al,
1997) using a human keratinocyte line that collagen puri¢ed from
Col1a1r/r as well as Col1a1þ/þ induced transcription of the
MMP-1 gene through binding to a2b1 integrin. Keratinocytes
bind to collagen I with very high a⁄nity via the a2b1 integrin,
and the adhesion is so strong that collagenase is required to re-
lease the cell to permit migration. The speci¢c 3/4^1/4 cleavage
of collagen causes denaturation into gelatin, which has much
lower binding a⁄nity via a2b1 integrin. This lower a⁄nity per-
mits migration of keratinocytes across the collagenous substrate.
Studies have shown that endothelial and melanoma cell survival
is extended via avb3 signaling (Montgomery et al, 1994) and it is
suggested that collagenase cleavage reveals a cryptic avb3 binding
site on the collagen fragment that promotes an unknown adhe-
sion-related survival signal. Unavailability or inability to bind to
Figure 7. Fluorescent immunostaining
of wound sections for MMP-13. A dra-
matic di¡erence was seen when sections
were stained with anti-MMP-13. MMP-13
was detected in both Col1a1+/+ and Col1a1r/r
from 2 d (a, b). The staining was clearly lo-
calized to the cells at the basal epithelia at
days 2 and 3 in the Col1a1+/+ wounds (a, c),
but was more widely dispersed in the mu-
tant, being detectable across the entire
wound margin until day 7 (b, d, f). After
reepithelialization was complete in the
Col1a1+/+ wounds, MMP-13 was not detect-
able (e). Bar : 0.1 mm.
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this site due to collagenase resistance results in apoptosis, possibly
via p53 and p21 (Zhao et al, 2000). It will be necessary to measure
the rate of apoptosis in the collagenase-resistant mouse to deter-
mine if this is a reason why wound repair is impaired in these
animals. In wild-type mice the collagenases degrade the collage-
nous substrate and epithelial migration proceeds. In the Col1a1r/r
wounds, however, the MMPs are unable to rapidly degrade the
mutant collagen, and therefore epithelial migration is not able to
proceed immediately. Consequently, the cells remain in contact
with undegraded collagen, and so the signals to produce both
MMP-13 and McolA continue, resulting in a positive feedback
loop and excessively upregulated enzymes. The appearance of
the Col1a1r/r wound edge is similar to that described in impaired
healing of the plasminogen-de¢cient mouse (Romer et al, 1996;
Lund et al, 1999). The epidermal edge is neither wedge-shaped
nor extends into the wound as in wild-type animals, but is
blunted and surrounded by dense matrix. Romer et al (1996) hy-
pothesized that as repair of plasminogen-de¢cient wounds was
not totally blocked an alternative mechanism was compensating
for the absence of plasmin-mediated substrate cleavage. The me-
chanism responsible was thought to be cleavage by MMPs
(Romer et al, 1996). Lund et al (1999) described the e¡ect of
a broad target MMP inhibitor, galardin, on wound healing in
the plasminogen-de¢cient mouse. The application of galardin
Figure 8. Immunostaining of wound
sections for other MMPs.Very little dif-
ference was observable when sections were
stained with antibodies to MMP-2 (day 2,
a, b), MMP-3 (day 3, c, d), and MMP-9
(day 7, e, f ). The patterns and intensities
showed little variation between Col1a1+/+
and Col1a1r/r considering the di¡erences
in wound size and reepithelialization state.
Bar : 0.1 mm.
Figure 9. FSP1-positive cells in the wound margin. The spindle-
shaped cells (large arrows) are ¢broblast marker positive, indicating they are
of ¢broblastic lineage. Other cells of round shape (small arrows) are probably
in£ammatory cells. Bar : 0.05 mm.
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completely prevented the plasminogen-de¢cient wounds from
healing. Lund et al explained the e¡ect by suggesting that the
two classes of proteases, plasmin and the MMPs, have a func-
tional overlap during normal wound healing. Thus, when the
plasminogen gene is knocked out, plasmin-mediated healing is
removed, but MMP-mediated proteolysis of matrix is su⁄cient
for repair to proceed. If the action of MMPs is inhibited in
wild-type mice by galardin, plasmin-mediated proteolysis some-
how compensates, but when both mechanisms are inhibited, re-
pair cannot proceed. Lund et al (1999) indicated that it was unclear
which of the MMPs was critical for repair, and that a multiple
MMP-de¢cient mouse would be required before this could be
determined. The collagenase-resistant mouse used here acts as a
multiple MMP-de¢cient model as the main site of collagen I de-
gradation has been removed, preventing cleavage by both McolA
and MMP-13. Epithelial migration does start to occur after a
week, and the remaining de¢cit in reepithelialization is due to
the excessive wound width caused by impaired contraction. This
suggests that in collagenase-resistant wounds the plasmin-
mediated mechanism of reepithelialization is slowly upregulated
and eventually compensates for the impaired MMP cleavage. Ap-
plication of a plasmin inhibitor to the Col1a1r/r wounds should
retard healing to an even greater extent.
Interestingly, there was no visible di¡erence in the wounds
after 70 d. This is in contrast to our original hypothesis, which
was that the impairment seen by Liu et al (1995) in tissue remodel-
ing might have an e¡ect on scar formation, causing a large ke-
loid-like scar. This did not occur. Instead, at 70 d the Col1a1r/r
wounds were well healed, with no substantial di¡erence in the
size, orientation, or density of the resistant collagen in compari-
son to the normal protein. Krane et al (1996) suggested that the
aminotelopeptide site of collagen I cleaved by MMP-13 allowed
gradual remodeling of matrix tissue during embryonic develop-
ment. This site alone would not be su⁄cient for rapid cleavage
Figure10. a-SMA staining in Col1a1r/r and Col1a1+/+wounds at day 5 (a, b) and 7 (c, d) post wounding. Note consistent intense staining in
wild-type (a, c) wounds at both time points, whereas in the resistant wounds (b, d) staining is fainter and patchy and limited predominantly to blood vessels.
Bar : 0.1 mm.
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Figure11. a-SMA-positive cells in dermis of Col1a1r/rand Col1a1+/+
wounds. Note consistently higher numbers of positive cells in wild-type
samples at all time points. (Mean7SEM, n¼ 3, npo0.05.)
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Figure12. PCNA-positive cells in the wound edge dermis of
Col1a1r/r(¢lled bars) and Col1a1+/+(open bars). Note overall similarity
over time course. (Mean 7SEM, n¼ 3.)
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during situations such as early wound healing, however, when
cleavage at the 3/4 helical site may be essential. The collagenase-
resistant mouse therefore develops normally because, during em-
bryonic and postnatal growth, the aminotelopeptide site would
predominantly be used. During periods of rapid cleavage, such
as involution of the uterus postpartum, the collagenase-resistant
mice demonstrate impaired matrix remodeling due to the una-
vailability of a mid-helix cleavage site.We have described here a
corresponding impairment in early incisional wound healing,
which is gradually resolved as the slow remodeling by the ami-
notelopeptide site occurs. As the mice age, they develop thick-
ened skin and ¢brotic nodules (Liu et al, 1995) and it is suggested
that this is due to increased intermolecular cross-linking that adds
to collagen stability, meaning that both cleavage sites are required
for normal turnover (Krane et al, 1996).
The prolonged early response in£ammatory cell pro¢le seen in
the Col1a1r/r wounds may be attributable to the delayed reepithe-
lialization caused by increased wound width, as an uncovered
wound will be more susceptible to subclinical infection (no
wounds were clinically infected) than one that closes rapidly.
The corresponding increase in cell density suggests that increases
in monocytes and neutrophils is a response to the large, uncov-
ered wounds of the Col1a1r/r mice. At no point was the peak of
in£ammatory cell in£ux higher in the Col1a1r/r than the Col1a1þ/þ
wounds; their presence was merely extended. The e¡ects of the
increased neutrophil presence, such as increased reactive oxygen
species or chemokines, has not yet been determined. The absence
of signi¢cant di¡erences in the density of in£ammatory cells
staining with late stage markers between the resistant and wild-
type groups suggests two things: (i) that the resistant collagen is
not impairing macrophage movement into the wound, and (ii)
that the presence of undegraded collagen fragments is not causing
an excessive macrophage response.
The overall similarity in proportion of total cells that were
proliferating suggests that the cell cycle signals are not signi¢-
cantly a¡ected by the collagen mutation. The delay trend may
be explained by the corresponding delay in ¢broblast-like cell in-
vasion into collagenase-resistant wounds. The trend is not signif-
icant, however.
In summary, impairment of collagen cleavage in the Col1a1r/r
mouse severely retards early wound healing but has no major ef-
fect on the size or quality of the late stage scar.
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